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Abstract

At a high level of abstraction,the VHDL specificationof the functionalities

thata circuit shall performis given by definingthebehavioral model. Thesimi-

larity with proceduralprogramminglanguagessuggestedto tailor somesoftware

analysistechniquesto VHDL behavioral descriptionanalysis. The aim is to re-

trieve informationon the final circuit from its specifications.The paperpresents

severalanalysesof thecodeaimedat identifyingsignificantpropertiesof thefinal

circuit from thesynthesisandtestabilitypointsof view.

1 Introduction

VHDL is now themostwidespreadlanguagefor building softwaremodelsof hardware

systems.However, althoughthecomplexity of thedescribedmodelsis rapidly increas-

ing, nosupportis givento designersto evaluatethequalityof their codeandof results

achievedby its synthesis.A similarproblemhasbeenalreadyinvestigatedby software

engineersleadingto thedefinitionof several techniquesfor analyzingandevaluating

softwarespecifications[1, 2, 3].

The aim of this paperis to considerstaticanalysistechniquesto identify signif-

icant propertiesof the implementation,from the behavioral VHDL description.The

informationcollectedfrom thecodeanalysisis very importantfor:

� discoveringandcorrectingpossibleerrors,inconsistencies,andincompletenesses,

withoutaffectingthefollowing designphases.In this way, backtracksaremini-

mized,saving resourcesandavoidinglast-minutesolutions,thatcouldjeopardize

theefficiency andoriginal functionalitiesof themodel.
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� deriving test patterns,that will be usedto validatethe circuit during gate(or

switch)level testing.

� identifying codefragments,that areknown to be critical with respectto syn-

thesis. The adoptionof differentguidelinesin writing a specificationleadsto

differentcircuit realizations.Thus,userscanheavily guidesubsequentsynthesis

by adoptingdifferentstylesin writing their code.

� predictingtheoutputsof a synthesistool, i.e., how a synthesizedcircuit should

look like. Theoreticalresultsare thencomparedwith actualresults,allowing

usersto get acquaintedwith the instrumentto better“control” the obtainedre-

sults.

Approachesto VHDL analysisfor quality evaluationhave beenalreadypublished

in literature[4, 5, 6, 7]. New commercialtools mainly dealingwith codecoverage

arealreadyavailable[8, 9]. More sophisticatedanalysesfor synthesizability, simula-

tion, complexity evaluationandtestabilityareunderstudyin theEECsupportedOMI

ProjectREQUEST.

This paperpresentsthefirst resultsof this projectby proposinga dataflow based

methodologyto staticallyextract informationfrom theVHDL specification,which is

interestingbothfor testabilityanalysisandfor synthesispurposes.

Thesyntacticsimilarity betweenbehavioral VHDL andproceduralprogramming

languagessuggestedto try to applysoftwareanalysistechniquesto investigateVHDL

code. The work describesan approachfor identifying deadlockconditionswithin

VHDL specifications.Hints andideashave beentaken from reachabilityanalysis[3]

andsymbolicexecution[10]. While proposingthis technique,we adaptedtheconcept

of deadlockto the hardwaredomain; it correspondsto a situationwherethe system

doesnot stopworking while waiting for aneventto occur, ratherremainsin thesame

stateforever, producingthe samevalueson the observableoutputs. If the deadlock

derives from an erroneousspecification,the analysisallows the modificationof the

VHDL code,if it is a correctfunctionalsituation,theanalysismaysuggestthe intro-

ductionof detectionlogic or specificresetlogic. In bothcasesit is significantfor the

userto identify thepossibledeadlockcondition,eitherfor eliminatingit or for ensuring

thepossibilityto exit from sucha condition.Besidesthis,severaltechniquesbasedon

dataflow analysisarealsopresentedto highlightusefulpropertiesof VHDL behavioral

descriptions,focusingon thesequentialaspectsof thelanguage.

The restof this paperis organizedas follows. Section2 addressesdeadlocksin

hardwaresystems. By startingfrom the classicaldining philosophersproblem,we
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tried to generalizetheapproachwith respectto theproblemsconcerninginformation

exchangedamongprocesses.Staticanalysistechniques,all basedonsomeannotations

of theflow graphof theVHDL codeunderanalysis,aredescribedin Section3. Finally,

Section4 draws someconclusions,alsoproviding furtherhints for analogiesbetween

analysistechniquesfor softwarespecificationandVHDL behavioral descriptionanal-

ysis.

2 Deadlocks

Quoting[11], deadlockscanbedefinedasfollows:

A setof processesis deadlockedif each processin thesetis waiting for an

eventthatonlyanotherprocessin thesetcancause.

Becauseall processesare waiting, noneof them will ever causeany event, and all

the processesremainblocked. This definition appliesdirectly to hardwaresystems

modeledby meansof interactingVHDL processes.Though,differentlyfrom software

systems:

� An event is a changeon a signal. A processcaneitherbe suspendedwaiting

for an event or needan event to changeits outputs. In both cases,eventsare

necessaryto allow acircuit to evolve.

� A blockedcircuit doesnotstopworking. It evolveswhile remainingin thesame

state,producingalwaysthesameresults.This conditionis easilydetectableby

anexternalobserverwhoalwaysseesthesameoutputvalues.

� Communicationsin VHDL areasynchronous,basedon eventson signals. As

to modelexecution,during thestart-upphase,all processesareexecutedeither

till the endor till they aresuspendedwaiting for someeventsto occur. After

that,processesareexecutedeachtime thereis a changeon thesignalsthey are

sensibleto.

� Thereis norun-timesupportthatdefinestheactualschedulingamongprocesses.

Thedynamicsof a systemeitheris hard-codedwithin thespecification(closed

systems)or dependsonthearrival of externalsignals(opensystems).

The last point implies that thepossibilityfor a closedsystemto entera deadlock

conditionis a certainty. Thusa VHDL behavioral descriptionof a closedsystemwith

deadlockshouldbe alwayssynthesizedby a setof constantvalues,insteadof a real
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logiccircuit. In thecaseof opensystems,adeadlockderivesfromthetimingof external

inputs. The absenceof a resetsignalmay becomea critical point. In fact, the reset

signalwould provide the only meansfor exiting the deadlocksituation,placing the

circuit in its initial state.

Now, the problemis how deadlockscanbe uncoveredin hardwarecircuits and,

evenbetter, in VHDL behavioral specifications.Theconditionquotedsofar is easily

detectableby simulation,but, to thebestof authors’knowledge,not by theanalysisof

designedmodels.Moreover, whenconsideringsystemscharacterizedby a deadlock,

even if the simulationhighlightedconstantoutputsin the time domain(after a first

initialization phase),thesynthesis,usingcommerciallogic synthesistools [8, 12] did

not producesimpleconstants(includingset logic), but an unexpectedlogical circuit.

This is due to the fact that having defineddifferent processes,different finite state

machinesaresynthesized.Thesefinite statemachines,possibly, sharethe logic but

not thestatesdueto theimpliedcomplexity of obtainingtheresultingproductmachine

duringsynthesis.Therefore,deadlockanalysiscanbeeffective to evaluatethequality

of thedesignwith respectto thespecificproblem.

The proposedanalysisformalizesthe mutual dependenciesamongevents. It is

not enoughto studydependenciesamongprocesses,sinceeachprocesscanwait for

eventsondifferentsignals.Dependenciesgraphscodethis information.Nodesarethe

signalsexchangedamongprocessesandedgesdefinedependenciesamongthem. An

edgebetweena node � anda node
�

meansthat thereis a changeon � only if thereis

a changeon
�
. A necessaryconditionto discover deadlocksis, thus,the presenceof

loopswithin thegraph.

Dependenciesgraphsapply to both closedsystemsandopensystems.Whenan

opensystemis taken into account,its dependenciesgraphcomprisesdanglingedges

enteringthosenodes(signals)sensibleto externalevents. In this way we modelpro-

cessessensitivity to unpredictablesignals.Thesenew edges,however, do not impact

on thedependencies,circularities,betweensignals.

We categorizethecircumstancesleadingto deadlocksinto two groups:

� problemsdueto synchronizationamongprocesses.In this case,involvedpro-

cessesexchangeonlyboolean-likevaluestoguidetheirbehaviors.A rendezvous-

likecommunicationprotocolis explicitly programmed.

� Problemsdueto thevaluesthatflow amongprocesses.A moregeneralclassof

problemsaddressesall thevaluesexchanged,without constrainingtheanalysis

to boolean-likevaluesonly.

4



Theformersetof modelsis exemplifiedin Section2.1, usingthedining philoso-

phers problem, a well-known problemasfar assoftwaresystemsareconcerned.The

latterclassis studiedin Section2.2,by improving dependencesgraphsandexploiting

ideasfrom symbolicexecution[10].

2.1 A VHDL Model of the Dining Philosophers

Dijkstra’s Dining Philosophers problem[13], althoughnot a very realisticproblem,

doescontaina nontrivial deadlockandis probablythemostcommonlyanalyzedex-

amplein studyingsynchronizationamongAda tasks[14, 15, 16].

Theproblemcanbeformulatedasfollows:

Five philosophers are seatedarounda table. Betweeneach philosopherthere is a

singlefork. Thelife of a philosopherconsistsof periodsof eatingandthinking. When

a philosophergetshungry, hetries to gethis left andright fork, oneat a time, in either

order. If successfulin acquiringthetwo forks,heeatsfor a while, thenputsdownthe

forksandthinks.

A problemcanariseif eachphilosophersimultaneouslygrabshis left (right) fork

andthenwaits for his right (left) fork. Sinceright (left) forks arenot available,all

philosophersstarve and a deadlockoccurs. Even if philosophersget their forks at

differenttimes,in theworstcase,thesituationdescribedsofarcanhappenagain.

By lookingat thecode,presentedin Figure1, wenoticethat:

� two distinctsignals(FORK� L andFORK� R) areusedto representtherequest

for acquiringa fork: onefor eachadjacentphilosopher. This solutionhasbeen

adoptednot to havemultiple-drivensignals,thatleadsto notsynthesizablecode.

� Theactualavailability of a fork is representedby a booleansignal(FORK� ).

� All thephilosophersarecontrolledby thesameexternalclock, i.e., they all obey

the sametiming. The adoptionof morethanoneclock would have led to not

synthesizablemodelsfor commerciallogic synthesistools[8, 12].

� It is supposedthatall thephilosopherstry to starteatingat thesametime. This

is theeasiestchoiceto have a deadlock.Moreover it doesnot requiretheuseof

externalsignalsto controlthephilosophers,i.e.,wehavea closedsystem.

Figure1 is only an excerptof the whole modelwe defined. Insteadof showing

all theprocesses,we concentrateonly on a “philosopher”anda “fork”. Both philoso-

phersandforks differ amongthemonly for the indexesthat identify usedsignalsand

variables.
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package DINING_PHILOSOPHERS_PACKAGE is
type PHIL_STATUS is (STARVE, EAT);

end DINING_PHILOSOPHERS_PACKAGE;

entity DINING_PHILOSOPHERS is
port(clk: in std_ulogic;

P1, P2, P3, P4, P5: out PHIL_STATUS);
end DINING_PHILOSOPHERS;

architecture ARCH of DINING_PHILOSOPHERS is

type STATE is (S0L, S0R, S1, S2, S3, S4, S5);
signal FORK1, FORK2, FORK3, FORK4, FORK5: boolean := true;
signal FORK1L, FORK1R, FORK2L, FORK2R, FORK3L: boolean := true;
signal FORK3R, FORK4L, FORK4R, FORK5L, FORK5R: boolean := true;
signal STATUS1, STATUS2, STATUS3, STATUS4, STATUS5: state;

begin
PHILOSOPHER1: process
begin
wait until clk = ’1’ and clk’event;

case STATUS1 is
when S0L => if (FORK5 = true) then

FORK1L <= false;
STATUS1 <= S0R;
P1 <= STARVE;

end if;
when S0R => if (FORK1 = true) then

FORK1R <= false;
STATUS1 <= S1;
P1 <= EAT;

end if;
when S1 => STATUS1 <= S2;
when S2 => STATUS1 <= S3;
when S3 => STATUS1 <= S4;
when S4 => STATUS1 <= S5;
when S5 => P1 <= STARVE;

STATUS1 <= S0L;
FORK1L <= true;
FORK1R <= true;

end case
end process PHILOSOPHER1;

FORK1: process(FORK1R, FORK2L)
begin
if ((FORK1R = false) OR (FORK2L = false)) then
FORK1 <= false;

else
FORK1 <= true;

end if;
end process FORK1;

...
end ARCH;

Figure1: Dining Philosophers:a VHDL model
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The dependenciesgraphfor the philosophersproblemis shown in Figure2. For

the sake of simplicity, we considertwo philosophersonly. It canbe noticedthat an

eventon FORK1Rrequiresaneventon FORK1,andaneventon FORK1requiresan

eventoneitherFORK1Ror FORK2L.Thesamecircularitiesexist alsoamongsignals

FORK1L, FORK2R,andFORK2. This meansthat the whole systemcould entera

circularwait condition,i.e.,a deadlockcondition.

More precisely, beforethedummyexecution(which performstheinitialization of

thevariablesandsignals,determiningthevaluesthatwill remainconstantin caseof a

deadlock)theconditionis necessary. After thefirst execution,theconditionidentifying

deadlocksis notnecessaryanymore,but it is turnedinto a sufficientcondition.

FORK1FORK2

FORK1R

FORK2R FORK2L

FORK1L

Figure2: Philosophers:dependenciesgraph

The useof booleansignalsto regulateboth the requestand the acquisitionof a

fork imposesa rendezvous-likecommunicationmodel. This meansthatwe canstudy

how themodelevolvesin its executionspace,borrowing someideasfrom reachability

analysis[3].

By lookingathow signalsareusedwecandefinefour high-level functions:

setRequest: a process� probesthevariable� andsendsa requestto set � .
resetRequest: a process� sendsa requestto reset� .
set: a process� setsthevariable� .
reset: a process� resetsthevariable� .

A setRequest onvariable� failsif � is alreadyset.In thesameway, aresetRequest

on � fails if � is notset.

The identificationof thesemacro-instructionsallows us to extract a graphrepre-

sentationof theprocesses,shown in Figure3 (thenumbersby thegraphrepresentthe

labelsof thestatesusedin theexecutionspace),that resemblesflowgraphs[17]. Ac-

cordingto theVHDL model,Figure1, thegraphfor a philosopherprocesstranslates

thefinite statemachinecodedby thecasestatement.In thesameway, thegraphof a
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FORK2

PHILOSOPHER1

eat

reset request(FORK1) and reset request(FORK2)

set request(FORK2)

set request(FORK1)

PHILOSOPHER2

set request(FORK1)

set request(FORK2)

eat

reset request(FORK1) and reset request(FORK2)

5 6

4

12

10
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Figure3: Philosophers:graphrepresentations.

fork representsthetwo alternativesofferedby anif statement.In bothcasestheloop

is requiredby thedynamicsemanticsof VHDL.

Thesefour graphshelpusin building theexecutionspace,Figure4, of themodel.

VHDL processesexecuteand,if possible,changetheirstateall in parallel.Asexpected,

it is not possibleto leave thestatewhereeachphilosophertriesto getthesecondfork.

Thedashedline indicatesthatthewholesystemis notblocked,but it goesonexecuting

in thesamestate.

1 4 7 10 1 5 7 11 2 4 8 10

Figure4: Philosophers:executionspace

2.2 Another Example

A simple,but significantcaseof deadlockdueto theparticularinformationexchanged

amongprocessesis exemplifiedby the fragmentof VHDL codeof Figure5A. It is a

divider taken from [18]. Considertheoriginal modelanda slightly changedversion:

� �	��

������� becomes� �	��
���� . Their dependenciesgraphis shown in

Figure5B.

It is possibleto detectthat,evenif thedependenciesgraphhighlightsa circularity,

only theoriginal modelentersa deadlockcondition. In thefirst case,

������� , where

� is a given constant,returnsthe result � the first time. Then � is assignedto 

8



DIV: process
begin

R <= A/B;
M <= A mod B;
wait on A,B;

end process DIV;

MAIN: process
begin

wait on M;
A <= M;

end process MAIN;

AM

A B

Figure5: Divider: VHDL code

and,being 
���� lessthan � , the resultof 
�������� doesnot changeanymore. �
becomesconstantandprocessMAIN remainswaiting on � . The modifiedprocess,

on thecontrary, adds� to 
 , theold valueof � , at eachexecution.Thus, � always

increases,andthesystemneverdeadlocks.

Thedependenciesgraphhasto be augmentedto provide a sufficient conditionto

detectthiskind of deadlocks.Considerthemodifieddependenciesgraphsof Figure6.

Eachnode(signal)is associatedwith thefunctiondefiningits value.Besidesspecify-

ing thedependenciesamongsignals,we codealsothekind of dependency, that is the

function“linking” thesignals.

M
M = A mod B A = M

A
A = M

AM
M = A + B

A B

Figure6: Modifieddependenciesgraphs

Given this representation,we candefinethe systemsof equations/inequationsas-

sociatedwith theloop1:

1Noticethat �	� standsfor theold valueof � .
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Thesolutionof thesesystemswould give thevaluesof theexchangedsignalsfor

which themodeldoesnot entera deadlockcondition.Thesystemcanbedeeplysim-

plified by studyingtheoppositeproblem: thevaluesof the involvedvariables/signals

for which thelooprepresentsadeadlockcondition.Thereis a deadlockif old andnew

valuesareequal,thusa signalcanbe representedusinga singlevariable,insteadof

two:

� ! �"�.

�������

#�'�

� ! �/�#
0�1�

#�'�

Basically, theequationsolvingthefirst systemis:


#�+

�������
The equationis verified for eachvalueof 
 , suchthat 
6�7� . The secondsystem

(loop) is representedby thefollowing equation:


'�+
0�8�
Theequationdoesnothaveany solution,of courseif �9%�+: .

Theobtainedresults“formally” statethat thefirst modelentersa deadlockcondi-

tion assoonas 
;�0� , while thesecondmodelis neverdeadlocked.

Themethodhasbeenexplainedusingsimpleexamplesto let readersconcentrate

on theproposedtechniqueratherthanon managingmoreintricatedgraphsandbigger

equationsystems,that,dueto spaceconsideration,areoutof thescopeof thispaper.
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3 An analysis of VHDL Sequential Aspects

Thissectionintroducesasetof staticanalysescarriedoutontheVHDL code,focusing

on thesequentialaspectsof the language.Theaim of theseanalysesis to provide the

userwith informationconcerningthe “future” testabilityof thecircuit resultingform

the synthesisof the consideredcode. Whendealingwith hardwaretestingissues,an

importantinformationrelatesto thepresenceof memoryelementsin theoriginal cir-

cuit, which couldbeefficiently usedfor Scanpurposes.TheVHDL languageallows

the explicit declarationof memoryelementsin the structuralstyle of description,al-

lowing animmediateidentificationof these“test resources”.Yet,whenconsideringa

behavioral description,memoryelementsareoften implicitly declared,deferringto a

post-synthesisphasetheuseof suchelements.Oneof theproposedanalysesaimsatan

earlydetectionof suchimplicit memoryelementsinferredfrom thesynthesisprocess,

by examiningtheVHDL code.Thisapproachsuppliesinformationconcerningthetest

phaseafter synthesisandbeforethe circuit hasbeenrealized. This allows possible

modificationsin thedevice specificationto improve thetestabilityof thefinal device,

right from its definition.

Still concerningtestingissues,in termsof patternapplication,the otheranalyses

dealwith thepresencewithin thespecifieddeviceof datapathssuchthatdata(testpat-

ternsand/ortestresults)canbetransferredwithoutbeingmanipulated,thusconstituting

alternative accessesto moduleinputs/outputsfor testingpurposes.The advantageof

dealingwith datawhich is merelytransferredratherthanmanipulated(added,incre-

mented,...) is trivial andrelatesto theminor complexity of testpatterngenerationand

reducedproblemscausedby faultmasking.

In the samescenarioof testpattern/resultpropagationit is possibleto introduce

thelastkind of analysishereproposed.It takesinto accounttheexplicit timing of the

VHDL specificationtodeterminetheconstraintsthatwill needtobefulfilled toactually

applytestpatternsandaccessthegeneratedresultswhendealingwith modulespartof a

morecomplex system.In fact,in suchacaseit is importantto evaluatethedistance(in

temporalterms)of the inputs/outputsof eachmodulecomposingthecomplex system

from theprimary inputsandprimaryoutputswhich dependson the functionalityand

timingsexpressedby theVHDL codeof thesurroundingmodules.

All theseanalysesprovide theuserwith additionalinformationconcerningthecir-

cuit resultingfrom thesynthesisprocess,sothatpossibleimprovementsmaybeintro-

ducedfrom the testabilitypoint of view, which altogetherrelatesto thequality of the

specifieddevice.
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Theseanalysesareall basedonstaticanalysistechniques,that,evenif notaspow-

erful asdynamicanalysis,offer valuableresultsandareeasierto apply.

All thetechniquespresentedin thenext sectionsarebasedon appropriateannota-

tionson thenodesof a graph.As alreadydonein Section2, VHDL codeis translated

into a graph-like representation,calledflow graph. A flow graph [19], basicallya di-

graph(directedgraph),is composedof nodes,thatrepresentprogramstatements2, and

edges,thatdefineexecutionflow. Thefollowing informal rulesfor constructinga flow

graphcanbelisted:

� it mustcontainexactlyoneentrynodewhichhasno incomingarcs;

� asequentialstatementis representedby anodewith a singleoutgoingedge;

� an if statementis representedby a nodewith two outgoingedges,onefor each

executionthread;

� a casestatementis representedby a nodewith asmany outgoingedgesasthe

alternativeslisted;

� the endof a loop is representedby a nodewith two edgesleaving it: onefor

exiting theloop,andtheotheronefor goingbackto thefirst nodeof theloop.

� it mustcontainexactlyoneterminalnodewhichhasnoarcsleaving it.

Noticethat,for readersfamiliar with theLEDA tool [20], therepresentationproposed

hereis verysimilar to thegraphsbuilt by thetool.

Theobtainedgraphis thendecoratedwith theinformationneededfor theparticular

analysis.

3.1 Implicit Memory Elements

This sectionsketchesa way to find out implicit memoryelementsbasedon pattern

searchingin regularexpressions.Thestartingpoint is theflow graphof a VHDL pro-

cess,asdefinedin Section3. For eachvariable,we definea regularexpressionsum-

ming up the significantactionsdoneon the variableitself. Notice that, in this case,

loopsin flow graphsarenot a problem.Rememberingregularexpressiontheory, they

aresimply translatedby meansof Kleenestars(*).

Accordingto [18], givena VHDL process,a variablerequiresanimplicit memory

elementeachtime:

2A “statement”canbe both a singleactualstatementanda whole processinvocation,consideredasa
macro-statement.
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� it is readbeforebeingassigned.

� it is assignedbeforeawait statement.

� it is assignedin aclockedprocess.

� it is notassignedin all conditionalbranches.

Thismeansthat,asto thisanalysis,weneedto takeinto accountread,write (assign-

ment),andwaitoperations.Theseactionscorrespondtoa < , an = , anda > , respectively,

within regularexpressions.Thus =$< meansthatthevariablehasbeenassigneda value

andthevaluehasbeensubsequentlyread. >4?@<BA =BC statesthat,afterthewait statement

thevariableis eitherreador assigned.

It shouldbeclearnow, that looking for implicit memoryelementscorrespondsto

lookingfor stringswithin regularexpressions.Thefirst two conditionsaboveareeasily

translatedby stringsra andaw. The third casemeanslooking for a, but it appliesto

clockedprocessesonly. Finally, thelastrulestatesthat,lookingatpossiblealternatives,

if one is an assignment,then all the alternatives must be assignments.Hence,the

alternativescanbe actuallyreducedto a singlepossibility. Whenthe conditiondoes

nothold,animplicit memoryelementis needed.

Consider, asanexample,theVHDL codeof Figure7 takenfrom [21]. It modelsa

counterby defininga processwith a clock signalanda reset,synchronizedby means

of a sensitivity list.

Clearly, the internalvariablecount int includedin a clocked processwill be

synthesizedby meansof amemoryelement,andthesameholdstruefor outputsignals

zero anderror since,besidesbeingpart of a clocked process,their value is not

updatedfor all possibleconditionalbranches.Thesesameresultscanbeobtainedby

meansof theproposedanalysisof theregularexpressionsderivedfor theimplied sig-

nals/variables.Theregularexpressionfor thevariablecount int isa|r(a|r|ra)

= a|ra|rr|rra = a|ra|r, wherebotha andr refer to Ac andRc in theflow

graphof Figure8 to distinguishbetweendifferentvariables.Theresultingregularex-

pressionstraightfully matchesthe first condition. Signalinit value, which does

not appearin thegraphof Figure8, sinceit constitutesa “parallel” graphwith respect

to it, doesnot matchany of the four clauses,having regularexpressiona. Henceno

memoryelementwill beused.

Consideras an anotherexamplethe pieceof VHDL codedescribinga demulti-

plexer (Figure9). In this casethe detectionof inferredmemoryelementsis not so

trivial.
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...
ARCHITECTURE behave OF count IS
BEGIN

count_proc: PROCESS(clk, ld)
VARIABLE count_int: t_value;

BEGIN
IF (ld = ’1’) THEN

count_int := val;
zero <= F0; -- forces 0 -

ELSIF (clk = ’1’ AND clk’EVENT) THEN
IF (dec = ’1’) THEN

IF (count_int = 1) THEN
count_int := 0;
zero <= F1;

ELSIF (count_int = 0) THEN
error <= F1;

ELSE
count_int := count_int - 1;

END IF;
END IF;

END IF;
END PROCESS count_proc;
init_value <= val;

END behave;

Figure7: Counter:VHDL code(modifiedfor synthesiswith respectto theoriginal)

Begin

if ld=’1’

count_int := val

then

if clk’event and clk=’1’

else

zero <= F0

end if

if dec=’1’

then

else

if count_int=1

then

end if

else

count_int := 0

then

if count_int=0

else

zero <= F1

end if

error <= F1

then

count_int := count_int - 1

else

End

Rc

Rc

Ac

Az

Ac

AzAe Rc|Ac

Figure8: Counter:Flow Graph
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ENTITY demux IS
PORT(data_in: IN bit;

sel: IN bit_vector(0 to 1);
data_out: OUT bit_vector(0 to 3));

END demux;
ARCHITECTURE rtl OF demux IS
BEGIN

PROCESS(data_in, sel)
VARIABLE index: INTEGER;

BEGIN
index := TO_INTEGER(’0’ & sel, 0)
data_out(index) <= data_in;

END PROCESS;
END rtl;

Figure9: Demultiplexer: VHDL code

data_out(index) <=  data_in

Begin

index := TO_INTEGER(’0’ &sel, 0)

data_out(index) <= data_in

End

Begin

index := TO_INTEGER(’0’ &sel, 0)

case index is

data_out(0) <= data_indata_out(1) <= data_indata_out(2) <= data_indata_out(3) <= data_in

End

A0A1A2A3

Figure10: Demultiplexer: Flow Graph

Thestatementdata out(index) <= data in; impliesthatoneonly of the

outputsof data out is assignedat eachprocessexecution. Sucha situationcorre-

spondsto thefourthconditionallowing theidentificationof implicit memoryelements.

This implies that four latcheswill be introducedduringsynthesis,onefor eachbit of

thedata out vector. This conclusionmaysuggesttheusertheexplicit defintionof

the memoryelements,by introducinga registerandlogic for selectingthe outputon

which to put theinputvalue.

Whendealingwith vectorsof datais thusnecessaryeitherto “explode” thestate-

ments,asdepictedin the right flow graph,or to independentlycharacterizeeachele-

mentof thevectorwith respectto theregularexpressions.

Dueto thenatureof theanalysis,it mustbeappliedon singleprocessesonly. The

result of the analysisidentifiesthe presenceof memoryelements.The information

canbeusedeitherto explicitly declarethe registerby rewriting thecomponentspec-

ification in anotherstyle (e.g.,structuraldescriptionwith instantiationof the register

componentanddemultiplexer logic) or asanadditionalknowledgefor testgeneration

andmanagement.
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3.2 Data transfer path/elements

Therearecomponents,suchasregisters,multiplexers,demultiplexers,anddecoders,

whosefunctionalityconsistsof datatransferringwithoutmanipulatingthem.In partic-

ular, givenaninputsignal,its valueis deliveredontheoutputs,followingsomecriteria.

If dealingwith registers,a delayis introducedandtheinputvalueis seton theoutputs

in asuccessiveclockcyclewith respectto whentheinput is read.In casemultiplexers,

demultiplexers,etc. areconsidered,eitheroneof severaldifferentinputsis selectedto

betransferredto theoutputunmodified(multiplexer)or theinput is transferredto one

of the outputswhile the othersaresetto a pre-definedvalue(demultiplexer; the one

reportedin Figure9 storestheold valueinsteadof usinga pre-definedone).

For thesevariables/signalswhosevalueis transferredfrom the inputsto the out-

putswithout any manipulationthe term“transferred”variablehasbeenadopted,and

it canbedefinedasa variablethat is only readwithin a process:it doesnot appearin

arithmeticor logic computations.

If a variableis transferredby a process,it canbeusedto propagateits testpatterns

throughthe processitself. Being able to statically identify which variablescan be

propagatedthroughwhichprocessesprovidesmorecontrolon testpatternsandthusis

usefulin testinghardwarecircuits.

Oncemore,let usconsidertheflow graph. Eachnodeis associatedwith a set D of

variables.All thosevariablesfor which thegivendefinitionof “transferredvariables”

doesnot hold anymoredueto thestatementin thenode.Moreover, we defineanother

set E	D (TransferredVariables):it will containthevariablesstill transferredaftereach

step.

At the beginning, E	D containsall the variablesof the process.After that, visit-

ing eachflow graph node,variablesin D aresubtractedfrom E	D . At the end, i.e.,

afterhaving visitedall thenodesjust once,E	D containsthevariablesthatareactually

transferred.

In this case,we canextendtheflow graph to copewith a setof relatedprocesses.

Recallthecounterprocessof Figure7, inputval is manipulatedwhenconsideringits

usein count int, whereasthesameval is notmanipulatedthroughinit value.

A nodecorrespondsto a wholeprocess.Its set D is simply thedifferencebetween

all thevariablesandtheset E	D of theinvokedprocess.

Let us considerdifferent interactingprocesses,representedby their synthesized

modulein Figure11. It is significantto beableto characterizedtransferredvariables.

For example,by analyzingthe processdescribingthe Multiplexer, variablesA
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Figure11: Processes(modules)interconnectionanddatatransferanalysis.

andB are transferredto D. The samehappenswhenanalyzingthe processdefining

theRegister: variableD is transferredto E. As a consequence,variablesA andB

aretransferredto E. On theotherhand,variablesA, B andC arenot transferredto F.

This analysishelpsthe userin managingtestpatterngenerationwhentheGeneric

Module testsetis considered,knowing thatit caneasilycontrolvaluesonE by acting

directlyonA andB, whereasdeterminingthevalueof F is amorecomplex task.

3.3 Timing

Whenconsideringthe possibility of applyingthe desiredinput patternsto a module

embeddedin a complex design,it is necessarynot only to verify whetherthereis a

directpathto the inputsunderexam,but alsowhat timing constraintsareimposedby

theupstreammodules.Consider, asanexample,thecircuit depictedin Figure12. To

beableto applyany desiredpatternto inputsE andF from theprimaryinputs(A and

B) it is necessaryto take into accountthat any valueprovided to P1 will be set to E

aftera delayof T1, whereasvalueson P2will beavailableon inputF afterdelayT2.

This informationmayeasethe testgenerationphaseandmayuncover possibleprob-

lemsof correlationin controllability andobservability andsynchrony during circuit

testing[22]. In fact, it is staticallypossibleto decidewhetherall thecombinationsof

the possiblevaluesareobservableon processinputs. Differentdelayscouldactually

forbid somecombinations.

An analysisthatcanbecarriedouton theflowgraphof a VHDL processconcerns

thedelaysassociatedwith variables,i.e.,whichis theactualeffectof AFTER statements

onvariablespropagation.Parametricvaluescanbeassociatedwith arithmeticandlogic

operationsto evaluatethedelaysthroughtheflow graph.Furthermore,labelsmaybe

alsousedfor clockedassignmentswhich will requirea time equalto a clock cycle to
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Figure12: Timing analysis:moduleinterconnectionandtiming constraints

providethecorrectfinal valueof assignments.

Beforeproposingan informal algorithmto evaluatetheactualdelays,we have to

givethedefinitionof path. A pathis adirectedpathfrom theentrynodeto theterminal

nodeof the flow graph. The presenceof loopswithin a flow graph leadsto have, at

leastfrom a theoreticalpointof view, aninfinite setof paths. Fortunately, theproblem

canbeovercomeby exploiting boththepeculiaritiesof VHDL andthespecificneeds

of thecurrentanalysis.To haveaspecificationthatcouldbesynthesized,loopsmustbe

upperbounded.Theaforementionedassumptionwould definitively solve theproblem.

Moreover, to have a synthesizablespecification,delayscannotbe put within loops.

Thismeansthat,asfarascurrentanalysisis concerned,loopscanbediscardedandthe

graphbecomesa directedacyclic graph(DAG).

Graphnodes,in whichvariablesareassigned,areannotatedwith apair �0�GFIHKJ9L .

� is thevariablenameand HKJ is thelocaldelay. HKJ is : if thevariableis notdelayed.

For eachpath, delaysassociatedwith eachvariablearesummed,definingnew pairs

�M�GFN�OJ9L . � is still thevariablenameand �OJ is thedelayon thepath. At theend,

for eachvariable,theminimumandmaximumvaluesof �OJ defineits delaydomain.

If thetwo valuesare : , thevariableis actuallynotdelayed.

Theanalysisof all leafprocessesis thepreconditionto beableto reasononasetof

relatedprocesses.In thiscase,theflowgraphcontainsnodesthatarewholeprocesses.

Thesenodesarenot associatedwith a singlepair, but with a setof pairs: theresultsof

theanalysisonsingleprocesses.Thesetcomprisesa tuple �.�GFIHKJP��QSRTFNHKJU��=�VGL
for eachsignificantvariable.Again, � is thevariablename,HWJP�XQSR and HWJP��=�V are

theminimumandmaximumdelayevaluatedfor thevariable. After that, theanalysis

goesonin almostthesameway. To enrichtheanalysisandtake into accountthelevels
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...
alu: PROCESS(a, b, select)
BEGIN

CASE select IS
WHEN 0 => out <= a; -- no delay
WHEN 1 => out <= a + b; -- delay delta_sum
WHEN 2 => out <= a and b; -- delay delta_gate
WHEN 3 => out <= !a; -- delay delta_gate
WHEN 4 => out <= a or b; -- delay delta_gate
WHEN OTHERS => out <= a; -- no delay

END CASE;
END PROCESS alu;

BEGIN

CASE select IS

out <= a

0

out <= a + b

1

out <= a and b

2

out <= !a

3

a or b

4

out <= a

OTHERS

END CASE

END

0 delta_sumdelta_gate delta_gate delta_gate0

Figure13: ALU: VHDL codeandFlow graph

of logic to be traversedby the data,parametricinformation is also associatedwith

arithmeticandlogic operations.ConsidertheALU specifiedin Figure13. The input

valueof a (consideredasamulti-bit signal)is immediatelypropagatedto theoutputif

select is equalto 0 greaterthan4. Two otherdelaysareidentified: oneassociated

with theadder(multi-level logic) andtheotherfor theonelevel of logic for AND/OR

or complementingoperations.

Figure14 presentsthe VHDL codeof a multiplexer, taken from [21]; the corre-

spondingflow graphis shown in Figure15. In this example,it canbe noticedat a

first glancethat outputQ is alwaysdeferredof 10 nsecs,whereasoutputMUXSEL is

never delayed.Theproposedanalysisprovidesthesameinformation. If we consider

annotatednodesonly, i.e., the onesin which variableQ is assigned,we identify four

paths.In all casesthecorrespondingpair is �MYZF\[\:]L . HenceQ is alwaysdeferredof

10nsecs.Do notethatstatementMUXSEL <= muxval is concurrentwith respectto

theCASE statement.

3.4 A Complete Example

As a final exampleconsiderthe VHDL codespecificationof a part of the Vending

Machine[21] benchmark,opportunelymodifiedto make it synthesizable,presentedin
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mux_proc: PROCESS(I0, I1, I2, I3, A, B)
VARIABLE muxval : INTEGER range 0 to 4 := 0;

BEGIN
muxval := 0;
IF (A = ’1’) THEN

muxval := muxval + 1;
END IF;
IF (B = ’1’) THEN

muxval := muxval + 2;
END IF;
MUXSEL <= muxval;
CASE muxval IS

WHEN 0 => Q <= I0 after 10 ns;
WHEN 1 => Q <= I1 after 10 ns;
WHEN 2 => Q <= I2 after 10 ns;
WHEN 3 => Q <= I3 after 10 ns;
WHEN OTHERS => Q <= 0 after 10 ns;

END CASE;
END PROCESS mux_proc;

Figure14: Timing analysis:VHDL code

BEGIN

muxval := 0

IF (A=’1’)

muxval := muxval + 1

then

END IF

else

IF (B=’1’)

muxval:=muxval+2

then

END IF

else

CASE muxval ISMUXSEL <= muxval

Q <=I0 after 10 ns

0

Q <=I1 after 10 ns

1

Q <=I2 after 10 ns

2

Q <=I3 after 10 ns

3

Q <= 0

OTHERS

END CASE

END

101010 100

0

Figure15: Timing analysis:flow graph.
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Figure16.

It is possibleto applyall thethreekindsof proposedanalysesto thepieceof code

in Figure16. Theprocesschange proc is clocked,soall thevariablesandsignals

thatappearastargetfor assignmentstatementswill besurelyimplementedby meansof

memoryelements.Thedisplay signal,instead,is characterizedby regularexpres-

siona andis not includedin theclockedprocess,sono memoryelementwill beused.

Furthermore,signalstotal, coin reject anderror have regular expressions

suchthatnot for all conditionalbranchesanassignmentis made.Theanalysisallows

theuserto highlight thisaspectof thewrittenspecificationfor eventualmodificationif

desired.

By analyzingthe presenceof “data transfer” variables,all variablesset on the

outputsaremanipulatedwithin the processexceptprice, that is directly seton the

display output.

Finally, asfarasthetiming characterizationis concerned,it is possibleto statethat

total is theonlydelayedvariableduetoarithmeticmanipulationaffectingint total.

Variablescoin reject anderror arenot delayedbut characterizedby a clocked

temporization,aswell astotal, whereasdisplay is neitherdelayednor clocked.

Hence,thedownstreammodules,takingasinputsthesignalsgeneratedby thechange proc

will have to considersucha timing constraintsaffectingthepossiblecombinationsof

values.

4 Conclusions and Future Work

Theshortreview presentedsofardoesnotaimat listing all thepossibleapplicationsof

softwarevalidationmethodologiesto theanalysisof VHDL behavioral descriptions.It

is only afirst overview thatbothhelpedusin thinkingaboutinterrelationsbetweenthe

two domains,andcouldprovidea first basisfor furtherproposals.

The work did not pay too muchattentionto dynamicanalysismethods[23] for

two main reasons.Therealreadyexist tools specificto VHDL that supply facilities

for coverageanalysis[24, 9, 25]. Moreover, testingof VHDL codeusuallycopeswith

fault models[26]. Thesemodelsarenot easyto dealwith for not expert users,and

heavily impactonobtainedresults.

Thetechniquesin thispapergaveencouragingresultsasto thecasestudiesusedto

validatethem.

As asideeffect,thework revealedalsothetwo differentfinalitiesof testinga soft-

wareprogramandaVHDL behavioral specification.In theformercase,testingis used
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...
ARCHITECTURE behave OF coin_handler IS
BEGIN

change_proc: PROCESS(clk, reset)
VARIABLE local_change : INTEGER := 0;
VARIABLE int_total : INTEGER := 0;

BEGIN
IF (reset = ’1’) THEN

int_total := 0;
total <= 0;

ELSIF (clk = ’1’ AND clk’event) THEN
IF (sell_en = ’1’) THEN

IF (coin_stb = ’1’) THEN
IF (int_total >= max_price) THEN

coin_reject <= F1;
ELSE

coin_reject <= F0;
int_total := int_total + coin_in; -- delta_add --
total <= int_total;

END IF;
ELSIF (change_stb = ’1’) THEN

local_change := change_in;
IF (int_total >= local_change) THEN

int_total := int_total - local_change; -- delta_sub --
total <= int_total;
IF (int_total >= max_price) THEN
coin_reject <= F1;

ELSE
coin_reject <= F0;

END IF;
ELSE

error <= F1;
END IF;

ELSIF (item_out_stb = ’1’) THEN
IF (int_total >= price) THEN

int_total := int_total - price; -- delta_sub --
total <= int_total;
IF (int_total >= max_price) THEN
coin_reject <= F1;

ELSE
coin_reject <= F0;

END IF;
ELSE

error <= F1;
END IF;

END IF;
END IF;

END IF;
END PROCESS change_proc;

display <= price;

END behave;

Figure16: Coin Handler:VHDL codeandFlow graph
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to validateproducedcode,i.e., to try to correctpossibleerrorsin theimplementation.

In thelattercase,testingis notemployedto uncoverproblems,lacksor inconsistencies,

but to generatetestpatternswhich will beusedduringcircuit validation[27, 28]. Ba-

sically testingmeansproducingresultsfor furtheractivities, insteadof validatingwhat

alreadydone.

Finally, we want to suggestotherpossiblecontributionsof softwaretechniquesto

theanalysisof VHDL code:

� Patternmatchingtechniquescould be usedon VHDL codeto identify known

hardware topologiesand to provide guidelinesfor designers[29]. Consider-

ing againflow graphsas suitablerepresentationsof VHDL, the reachtheory

of graph-grammars[30] couldhelpusin carryingout this task.

� Oneof thebranchesof softwaretestingis mutationanalysis[31]. A programis

verifiedby meansof all its mutations.A mutationis obtainedfrom theoriginal

programby injecting a syntaxmutationthat leadsto a changein programse-

mantics.It soundsverysimilar to faultsmodelsintroducedin VHDL analysis:it

couldbetried to definethemutationsof a VHDL specificationandto studythe

relationswith faultmodels.

� Softwaretestingusescoveragecriteria [32] to determinehow muchcodeis ac-

tually executedgiven a test case. VHDL testinggeneratestest patternsfrom

behavioral specification.Puttingtogetherthe two things,testpatternscouldbe

usedastestcasesfor coveragecriteria. It could be studiedif thereexist some

relationsbetweentheresultsgainedfrom coveragecriteriaandthecompleteness

of circuit validation.
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